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Topics	
•  IntroducDon	

–  Coupling,	EmiIance	RaDo,	VerDcal	Dispersion	
•  CorrecDon	

–  3rd	GeneraDon	Rings	
–  Impact	on	Beamsize	Stability	+	Nonlinear	Dynamics	

•  DLSRs	
– OpDons	for	‘round’	beams	
–  InjecDon	+	LifeDme	ImplicaDons	
–  Beamsize	stability	in	Rings	with	large	fracDon	of	ID	
radiaDon	

•  Summary	
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Mo/va/on:	Reducing	Ver/cal	Emi@ance	

•  VerDcal	emiIance	of	ideal,	flat	accelerator	is	very	small	(for	ALS	of	order	
of	0.5	pm)	–	correcDng	coupling	opDmizes	brightness,	potenDally	by	
substanDal	factors	–	x-ray	opDcs	needs	to	preserve	it	…	

•  Simplest	errors	are	Dlts	of	quadrupoles	and	verDcal	offsets	in	sextupoles	
•  Effects	are:	

1.  Global	coupling	(not	to	be	confused	with	emiIance	raDo!)	
2.  Local	coupling	
3.  VerDcal	dispersion	

–  To	opDmize	performance,	usually	all	three	effects	have	to	be	corrected	
simultaneously	

–  Methods	include	orbit	manipulaDon,	skew	quadrupoles,	moving	of	
sextupoles,	…	

–  Most	successful	strategy	at	light	sources:	Do	not	target	the	three	
quanDDes	individually,	instead	use	combined	approach	

HBSLS	WORKSHOP,	4/27/17	
3	



Correc/on	Techniques	

•  One	can	correct	the	three	coupling	effects	using	skew	quadrupoles,	
verDcal	offsets	(movers	or	orbit	bumps)	in	sextupoles,	steering	magnets,	…	

•  The	correcDons	can	either	target	global	quanDDes,	local	quanDDes	at	
individual	points	of	the	ring,	or	local	quanDDes	everywhere.	
–  Coupling	correcDon	scales	like	sqrt	of	product	of	beta	funcDons	Dmes	skew	

strength.	
–  Dispersion	correcDon	scales	like	product	of	horizontal	dispersion	Dmes	sqrt	of	

verDcal	beta	funcDon	Dme	skew	quadrupole	strength	
–  Dispersion’	from	steering	magnets	scales	like	the	bending	angle.	

•  Phase	advance	of	coupling	(dominant	µx	–	µy)	and	dispersion	(µy)	are	
different!	
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Integrated	coupling	correc/on	
Used	accelerator	toolbox,	Matlab	and	LOCO	for	simulaDons	
•  Simulate	many	random	skew	error	seeds	
•  Try	to	find	effecDve	skew	corrector	distribuDons	and	to	

opDmize	correcDon	technique	in	simulaDon,	using	two	
correcDon	approaches:	
1.  Response	Matrix	fiing	–	‘determinisDc’,	small	number	of	

iteraDons	
2.  Direct	minimizaDon	(nelder-simplex,	…)	–	easy	to	do	on	the	model,	

would	be	difficult	on	real	machine	
	

Both	approaches	gave	about	the	same	performance	in	our	
model	calculaDons	

–  For	response	matrix	analysis	you	have	to	opDmize	several	parameters	
of	the	code	(weight	of	dispersion,	number	of	SVs,	use	of	effecDve	
model/full	model	…)	
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Weight	of	dispersion	in	LOCO	fit	
•  The	relaDve	contribuDon	of	verDcal	

dispersion	and	coupling	to	the	verDcal	
emiIance	depends	on	the	parDcular	
laice	(and	the	parDcular	error	
distribuDon).	

•  Therefore	the	opDmum	weight	for	the	
dispersion	in	the	LOCO	fit	has	to	be	
determined	(experimentally	or	in	
simulaDons).	

•  The	larger	the	weight	factor,	the	beIer	
the	verDcal	dispersion	gets	corrected,	
but	eventually	the	coupling	gets	larger.	

•  Set	weight	to	opDmum	below	that	
point.	
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Finding	an	Effec/ve	Skew	Quadrupole	Set	
•  To	find	an	effecDve	skew	quadrupole	

distribuDon,	we	used	several	correcDon	
methods,	first	in	simulaDons	–	best	
method	was	orbit	response	matrix	fiing	
(using	LOCO)	

•  PredicDve	method,	can	be	easily	used	on	
real	machine	

•  Issues	are:	
–  Cover	set	of	phases	relaDve	to	

dominant	coupling	resonance(s)	
–  Magnets	should	be	distributed	around	

the	ring	in	order	to	avoid	excessive	
local	coupling/verDcal	dispersion	

–  Need	different	values	of	dispersion/
beta	funcDon	to	be	effecDve	both	for	
coupling	and	verDcal	dispersion	
correcDon	

•  Set	of	12	skew	quadrupoles	was	already	
reasonably	efficient	–	nowadays	ALS	has	
48	skews	
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Achieved	Emi@ance	Reduc/on	

•  Achieved	an	emiIance	reducDon	
from	150	pm	(prior	to	top-off)	to	
about	4	pm	(2003)	and	<1	pm	(2012).		

•  Touschek	lifeDme	and	user	demands		
moDvate	rouDne	operaDon	at	20-30	
pm,	nowadays.	

•  4	pm	was	a	world	record	in	2003	and	
about	the	NLC	damping	ring	design	
value	

•  Recently	repeated	with	more	skew	
quadrupoles,	now	reach	values	below	
1	pm,	close	to	the	‘quantum	limit’.	
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Ways	to	Increase	the	Ver/cal	Emi@ance	…	

•  (Low	energy)	third	generaDon	light	sources	usually	
increase	the	verDcal	emiIance	intenDonally	to	achieve	
acceptable	lifeDme.	

•  Historically	at	the	ALS	we	used	a	family	of	skew	
quadrupoles	to	excite	linear	coupling	resonance.	

•  In	2003	we	switched	to	a	mode	where	we	correct	the	
coupling	and	dispersion	as	well	as	possible	(~1	pm)	and	
then	increase	the	verDcal	emiIance	using	a	global	
verDcal	dispersion	wave.	

•  Method	has	many	advantages	(beamsize	stability,	
dynamic	momentum	aperture,	…)	
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Ver/cal	Dispersion	Wave	

•  12-24 skew quadrupoles are used such, 
as to generate a global vertical 
dispersion wave, without exciting nearby 
coupling resonances 

•  Vertical emittance is directly generated 
by quantum excitation 

•  Local emittance ratio around the ring is 
fairly constant, local tilt angles are small 
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Ver/cal	Beamsize	Stability	
•  The	stability	of	the	(verDcal)	beamsize	is	important	for	users	(not	all	

effects	of	varying	beamsize	can	be	normalized	out)	
–  Main	issues	affecDng	the	beamsize	are	residual	tuneshiqs	(aqer	

feedforward	compensaDon)	when	scanning	undulators	or	skew	errors	
inside	those	undulators	(especially	EPUs)	

•  Using	dispersion	wave	instead	of	coupling	resonance	to	increase	verDcal	
emiIance	improves	beamsize	stability	
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Life/me	vs.	Ver/cal	Physical	Aperture	

•  Performance (Brightness) of undulators/wigglers (both permanent magnet 
and SC) depends on magnetic gap 
•  Strong incentive to push physical aperture as low as possible 
• The vertical physical aperture at which the lifetime starts to get smaller 
depends strongly on how well global and local coupling is corrected! 
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Simula/on	Results	(Momentum	Aperture	–	Gap)	

•  Tracking	results	are	in	good	agreement	with	measured	effects,	
i.e.	case	with	dispersion	wave	has	less	yellow	and	orange	areas	
than	the	one	with	excited	coupling	resonance,	indicaDng	less	
sensiDvity	to	reduced	verDcal	aperture		

Emittance increased using vertical dispersion wave …  using excitation of coupling resonance 
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Other	Correc/on	Method:	ESRF	

(Plots courtesy of A. Franchi) 
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(Plots courtesy of A. Franchi) 
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ESRF	–	Resonance	Driving	Terms	



DLSRs	and	round	beams	
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•  If	beam	is	truly	diffracDon	
limited,	there	is	no	benefit	from	
verDcal	emiIance	being	smaller	
than	horizontal	
–  However,	definiDon	of	
‘diffracDon	limited’	usually	is	
electron	and	diffracDon	
emiIance	being	equal,	i.e.	25%	
coherent	fracDon	(2	planes)	

•  Touschek	lifeDme,	IBS,	…	would	
conDnue	to	get	worse	with	
smaller	bunch	volume	

•  Some	user	experiments	(like	
diffracDve	imaging,	STXM,	…)	
work	with	round	pinholes,	
would	throw	away	flux	if	
emiIances	are	not	equal	



ALS-U:	OpDmizing	for	soq	x-rays	
•  Brightness	peak	in	soq	x-rays	allows	low	

electron	beam	energy	(3	keV-2	GeV)	
•  DiffracDon	limited	emiIance	moderate	(2	

keV-50pm)	–	reachable	with	200m	ring	
•  VerDcal	plane	diffracDon	limited	at	same	

(‘large’)	emiIance	-	round	beam		
•  Lower	energy	allows	shorter	focal	

lengths-more	magnets,	lower	emiIance	
•  Smaller	ring	à less	unit	cells	à larger	

dispersion	à weaker	sextupoles	
•  Intrabeam	scaIering	much	worse-need	

to	fill	all	buckets	and	lengthen	bunches	
aggressively	

•  Heat	load	on	opDcs	smaller	for	lower	
beam	energy	

ALS-U:	DIFFRACTION	LIMITED	SOFT	X-RAYS	
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Methods	to	achieve	large	emi@ance	ra/os	in	DLSRs	

•  Damping	Wigglers	
–  VerDcal	DW	
–  Local	verDcal	dispersion	bump	in	DW	

•  Möbius	Accelerator	
•  Betatron	Coupling	

–  Equal	fracDonal	tunes	
–  Resonance	ExcitaDon	(Dme	dependent	fields)	

•  Issues	to	consider:	Complexity,	Space,	Total	EmiIance,	
Possibility	of	different	injecDon	schemes,	Impact	on	
nonlinear	Beam	Dynamics,	Stability	of	EmiIance	

18	
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ALS-U	example:	Coupling	Resonance	
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•  Simulated	operaDon	on	coupling	
resonance,	with	moderate	
coupling	errors	

•  Result	are	almost	equal	
emiIances	(60	pm	in	this	case)	

•  Dynamic	and	momentum	
aperture	are	similar		

–  Detuning	with	amplitude	means	that	
coupling	at	larger	amplitude,	where	it	
maIers	for	beam	losses,	does	not	
really	change	

•  If	Jx	>	1,	emiIance	on	coupling	
resonance	is	>	½	natural	
emiIance	
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Beamsize	Stability	on	Coupling	Resonance	

21	
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Peter	Kuske	

•  For	equal	emiIance,	fairly	
insensiDve	to	coupling	terms	
over	wide	range	

•  Dependence	on	tune	not	too	
steep	for	moderate	coupling	

•  ALS	example:	tune	stability	
with	FF	and	tune	FB	

•  Expect	reasonable	stability	–	
plan	to	test	on	ALS	



Emi@ance	Stability	and	Undulators	

•  DLSRs	/	MBAs	/	Rings	with	low	average	bend	magnet	field	have	Beamsize	
stability	issue	beyond	coupling	

•  Significant	variaDon	of	energy	loss	per	turn	results	in	variaDon	of	damping	
Dmes,	natural	emiIance,	energy	spread	

•  Extend	of	effect	varies,	but	can	be	>20%	(including	machines	already	in	
operaDon)	

•  This	does	not	just	mean	emiIance	goes	down	as	more	undulators	are	
installed,	also	depends	on	undulator	scans	(larger	field	variaDon	for	longer	
period	undulators	–	ALS:	undulator	energy	loss	varies	50%	typical	week)	

•  (AddiDonal)	Damping	wigglers	can	help	in	correcDon,	but	expensive	(cost,	
space,	RF)	–	full	range	might	not	be	feasible	
–  Other	means	are	less	efficient	(e.g.	limited	tunability	of	MBA	laices)	
–  Need	to	beIer	understand	user	requirements	/	impact	of	uncorrected	or	

parDally	miDgated	

22	
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12,	120701	(2009)	



Summary	
•  Coupling	correcDon	is	important	to	opDmize	the	performance		

–  Direct	benefit:	increased	brightness	
–  Also	improves	dynamic	(momentum)	aperture	and	therefore	injecDon	efficiency	

and	lifeDme	
•  There	are	several	correcDon	methods:	

–  Combined	approach	targeDng	local	coupling,	global	coupling	and	verDcal	
dispersion	simultaneously	is	usually	used.	

–  Using	orbit	response	matrix	analysis	(LOCO),	emiIance	raDos	below	0.1%	have	
been	achieved	(<1	pm	at	ALS).	

•  DLSRs	can	require	larger	emiIance	raDos	than	currently	in	use	
–  MulDple	ways	to	achieve	(including	operaDng	on	coupling	resonance)	
–  Beam	dynamics	impact	manageable	
–  Beamsize	stability	requires	good	tune	control,	reasonable	resonance	strength		

•  InserDon	devices	provide	new	challenge	if	they	contribute	significantly	to	
total	energy	loss	
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Backup	Slides	



Orbit Response Matrix Analysis: Method 

The orbit response matrix is defined as 

 

 

The parameters in a computer model of a storage ring are varied to minimize the 
χ2 deviation between the model and measured orbit response matrices (Mmod and 
Mmeas). 

 

The σi are the measured noise levels for the BPMs; E is the error vector. 

The χ2 minimization is achieved by iteratively solving the linear equation 

 

 

 

 

For the changes in the model parameters, Kl, that minimize ||E||2=χ2. 
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Local/Global	Coupling,	Ver/cal	Dispersion	

•  Coupled	(Hills)	equaDons	of	moDon	:	

•  With	

•  Analogy	with	mechanical	coupled	harmonic	oscillators	(with	springs)	
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Resonance	Descrip/on	of	Global	Coupling	

•  Global	coupling	is	typically	described	using	a	
resonance	theory		

•  Difference	coupling	resonance	

–  VerDcal	emiIance	near	difference	resonance:	

κ	is	resonance	strength,	Δr	is	distance	from	resonance.
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Scan	of	Difference	Resonance	
v  There are sum 

resonances as well 
(phase advance 
proportional to sum of 
horizontal and vertical 
phase advance) and of 
course higher order 
resonances. 

v  One can create 
orthogonal knobs of skew 
quadrupoles directly 
acting on one of those 
coupling resonances 

||2)( min κνν =− yx

v  Minimum tune split  (on resonance): 
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Normal	mode	Analysis:	C	matrix	
•  Start	with	4x4,	one-turn	matrix	Rone-turn,	which	maps	the	4	transverse	

coordinates	x=(x,x’,y,y’).	Normal	mode	form:	

coupling. local of measure a is C of magnitude The .1with 
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Local	Coupling	

•  Locally	there	is	torsion	in	addiDon	to	the	global	invariant	verDcal	emiIance,	
resulDng	in	a	larger	projected	emiIance:	

•  Again	driving	terms	scale	like	the	sqrt	of	the	product	of	the	beta	funcDons	at	
the	locaDon	of	the	skew	errors.	
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Ver/cal	Dispersion	

•  There	are	two	main	terms	that	can	create	verDcal	dispersion:	

–  Dipole	errors	(steering	magnets,	misalignments,	…)	or	intenDonal	verDcal	
bending	magnets	

–  Skew	quadrupole	fields	at	the	locaDon	of	horizontal	dispersion	(due	to	
quadrupole	Dlts,	or	verDcal	offsets	in	sextupoles)	

•  VerDcal	dispersion	directly	causes	increase	of	the	verDcal	emiIance	by	quantum	
excitaDon	
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Resonance	correc/on	of	the	sum	and	difference	
resonance	(global)	
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To correct coupling, tweak orthogonal harmonic knobs for both 
difference resonance phases.  Minimize tune split. 
Sum resonance also generates linear coupling. 

Coupling correction – minimize measured vertical beam size as a 
function of skew quad strengths: 

,...),( 2,1,, ssmeasy KKσ 

One possible method is to use orthogonal harmonic knobs: 

...),,,,,( sin,cos,sin,cos,sin,cos,, yNyNNNN sumsumdiffdiffmeasy ηη κκκκκκσ
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wiggler 

femtosecond 
electron bunch 

Vertical apertures in 
focus plane in  

undulator beamlines 

70 ps electron 
bunch 

femtosecond 
laser pulse 

spatial separation 
Dispersion due to bending magnets 
coupled into vertical plane with skew 
quadrupoles (closed disersion bump). electron-photon 

interaction in wiggler 

femtosecond x-rays 

An Extreme Coupling / Dispersion Manipulation Example

•  Fs-slicing facility at ALS uses vertical 
separation -> high field undulator in the 
middle of a sizeable local vertical 
dispersion bump 

•  To keep vertical (natural) emittance 
constant, whenever this undulator scans, 
20 skew quadrupoles around the ring are 
used to change a global vertical dispersion 
wave 
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